Introduction
Fabry or Anderson-Fabry disease (FD) is a rare X-linked recessive inborn error of glycosphingolipid metabolism. Disease prevalence has been estimated to be about 1:40,000 male subjects. The mutations of the α-galactosidase A (α-gal A) gene induces the deficient activity of the lysosomal hydrolase α-gal A enzyme, which leads to impaired degradation and subsequent accumulation of globotriaosylceramide in multiple tissues and organs [1] . The progressive accumulation of globotriaosylceramide and globotriaosylceramide takes place within the endothelial and smooth muscle cells of the vascular system, myocardial cells, nervous system, and in all kind of cells of the kidney, eventually leading to organ dysfunction [2] .
Typical and severe clinical manifestations of FD in hemizygotes include acroparesthesia, angiokeratoma, hypohidrosis, and corneal and lenticular opacities, generalized vascular disease affecting the kidneys, heart, brain, and the gastrointestinal tract. The renal function is disturbed in all hemizygous male and in some heterozygous female patients, and renal dysfunction with progression to end-stage renal failure is a common manifestation in males in their third to fifth decade of life. Usually, death occurs from cerebral and/or cardiovascular complications in patients undergoing chronic dialytic treatment [2] [3] [4] [5] [6] [7] . In FD patients, the renal injury is universal: accumulation of glycosphingolipids occurs in endothelial cells of vessels and in the epithelial cells of the Henle's loop and distal tubule, inducing an early impairment in renal concentrating ability; the involvement of proximal tubule causes Fanconi syndrome; all kinds of glomerular cells are involved, especially podocytes, and glomerular proteinuria may occur at a young age [3] . According to the natural history of renal disease in Fabry patients described by Branton et al. [4] , the mean rate at which glomerular filtration rate (GFR) decreases is 12.2±8.1 ml/min/1.73 m FD is a rare but recognized disease in Chinese population. Although the prevalence of the FD in the Chinese population is unknown, the actual prevalence of FD could be underestimated due to the difficulty in recognizing and diagnosing this disease. Discrepancies in the clinical manifestations of FD (i.e., eye disorders and hypertension) exist between cases found in China and those detailed in Western reports [5] . In this study, we have investigated a Chinese family diagnosed with FD and presented here genetic features of FD in this family by performing mutational analysis of the α-gal A gene.
Subjects and Methods

Subjects
A 26-year-old male presented with end-stage renal disease (ESRD) was treated at Union Hospital, Tongji Medical College, Huangzhong University of Science & Technology, Wuhan, China for the regular hemodialysis. Along with ESRD, he had experienced fatigue, hypohidrosis, and painful acroparesthesias since he was 12 years old, which indicates that the primary disease of this patient might be FD. So the hereditary pedigree was further investigated, and plasma α-gal A activity and α-gal A gene analysis was examined.
Plasma α-gal A activity assay Plasma α-gal A activity was determined using the substrate 4-methylumbelliferyl α-D-galactopyranoside (5 mmol/L) freshly prepared in 117 mmol/L N-acetyl-D-galactosamine/50 mmol/L citric-phosphate buffer, pH 4.6, before every assay. In brief, 50μl of plasma was mixed with 300 μl of the substrate solution, incubated at 37°C for 2 hours, and 0.2 N glycine-NaOH was added to stop the reaction. Fluorescence intensity was measured with the excitation and emission wavelengths of 365 and 450 nm, respectively [6] [7] .
Molecular analysis of α-gal A gene
For the study protocol, informed written consent was obtained from all patients. Genomic DNA was isolated from the whole blood of the proband and his sister by a routine method. The sequence of α-gal A gene band, a 26-year-old male, was presented with ESRD 3 years ago. He had experienced fatigue, hypohidrosis, and painful acroparesthesias since he was 12 years old, then he had been hospitalized due to kidney failure symptom at the age of 17. He developed ESRD six years later, and was treated at our hospital for the regular hemodialysis from then on. The further physical examination revealed no abnormal findings in his chest or abdomen. Moreover, ophthalmological or neurologic examination did not reveal any corneal lesion or cerebrovascular event, respectively. However, the patient was suffered by the unendurable recurrent pain in his hands and feet and countless small dark red to black papules were found on his back (Figure1). Urinalysis was failed due to anuria. As shown in Table 2 , the patient was confirmed FD by demonstration of an extremely low plasma α-gal A activity of 0.03 nmol/ml/h (normal range 8.8-14.5 nmol/ml/h).
The further investigation revealed the positive family history, and the family pedigree was shown in Table 2 and Figure 2 . The proband's grandfather, patient I1, died of ESRD. The proband's mother, patient II7, had suffered from strokes and paralysis down from her waist for eight years and died of a cerebrovascular accident (CVA) in her forties. Stroke has been considered as a frequent complication of FD caused by alterations in cerebral vessels [8] . Further investigation did not reveal any other typical clinical manifestations of FD, such as skin lesion, acroparaesthesia, corneal abnormality, kidney disease or cardiovascular problems. She had three sisters, among them the eldest one (II1) was healthy before she died in her seventies. However, her two youngest sons (III7 and III9) developed ESRD and had kidney transplantation. It seems that she was an asympotomatic heterozygous carrier. Another two sisters (II3 and II5) did not have any FD manifestation before they died, and all of their descendants were healthy to date. The proband's elder sister, patient III15, was healthy in the past 30 years. No positive symptom of FD was found and her plasma α-Gal A activity was in the normal range (9.0 nmol/ml/h). The proband's younger brother, patient III18, developed ESRD at the age of was obtained from the European Bioinformatics Institute (EBI) of the European Molecular Biology Laboratory (EMBL) through its web site. The nucleotides were numbered by EMBL-EBI accession number X14448. Seven exons of the α-gal A gene was amplified by polymerase chain reaction (PCR) with six sets of primers as shown in Table 1 . The PCR mixture consisted of 0.3 μM primers, 200 μM dNTP, 1.25 U of Taq DNA polymerase and 50 ng of genomic DNA in a total 25 μl volume. The thermal cycle profile was 30 cycles of denaturation at 94℃ for 30 seconds, anneal at specific temperature indicated in Table 1 for 45 seconds and a final extension of 1 minute at 72°C. DNA sequencing was processed in both directions and the mutation identification was also performed by an ABI-PRISM3730 automated sequencer (Sangon biotech company, Shanghai, China). Genomic DNA from normal people was used as control.
Results
Pedigree investigation
We found a rare FD family in China according a patient with ESRD. The pro- Table 1 . α-gal A gene primer records. 10 as a result of unknown etiology and died six years later. His clinical manifestations were similar to those of the proband. However, the onset of the disease was earlier and much more severe.
Genetic analysis
The complete genomic and cDNA sequences of the human α-gal A gene have been determined. The 14 kb genomic sequence of α-gal A contains seven coding exons and 12 intronic Alu repetitive elements [9] . Seven exons of the α-gal A gene was amplified by PCR and the result revealed a single C-to-T transition in codon 112 of exon 2 ( Figure 3 ). This transition, mapping to position 334 in the cDNA of the α-gal A gene, resulted in substitution of predicted arginine to cysteine (p.R112C), which may be responsible for the abnormal activity of α-gal A enzyme in the blood of the proband investigated.
This result demonstrated that the proband (patient III17) was a hemizygote of p.R112C and his sister (III15) was a heterozygote of p.R112C since the bases T and C were both detectable in her DNA sequencing. No mutations were found in other six exons of their α-gal A genes.
Discussion
In this study, we found a new FD family with renal failure in China. So far, over 600 α-gal A gene mutations causing FD have been described (Human Gene Mutation Database, http:// www.hgmd.cf.ac.uk). Different gene mutations might explain different clinical pictures but, at present time, genotype-phenotype correlations are premature because mutations are private [2] . The α-gal A protein contains 429 amino acids that are important for enzymatic activity. To our knowledge, three mechanisms of enzymatic activity loss in FD have been proposed. First, gene mutations may induce incomplete proteins degradation by endosomes, leading to no enzymatic activity. Second, missense mutations in the critical active site or neighboring amino acids delete its enzymatic activity within lysosome, resulting in lack enzymatic activity during the production of α-gal A proteins. Lastly, mutations may cause the destruction of protein transfer from the endoplasmic reticulum (ER) to the lysosomes, which accumulates α-gal A in the ER and results in the absence of binding activity [10] .
Our DNA sequencing of the proband demonstrated a single transition of C to T in codon 112 of exon 2 of α-gal A gene. This missense mutation predicted an arginine to cysteine substitution (p.R112C). The R112C mutation, occurs at CpG dinucleotide, has been identified as the single causative lesion in several unrelated classically affected males [11] [12] [13] . The structural change due to replacement of arginine by cysteine results in an extremely unstable protein [14] . Cysteine is highly reactive and can be involved in the formation of disulfide bridges [15] . Nagy and Tanaka reported another two cases of FD with R112C mutation and only the cerebrum and the skin were affected [16] [17] . They thought this mutation might affect an isoform of the enzyme which exerts its action mainly in the ectodermal tissues, leading to the limited organic manifestation. In the present study, the patient II7 manifested recurrent strokes and both the proband and his brother III18 had skin lesions, which was consistent with the previous reports on the organ damages induced by R112C mutation. It has been known that R112C mutation consequently relates to the damage of ectodermal tissues. However, the R112C mutation in this family resulted in the damage of both ectodermal and mesoderm tissues. Moreover, in this family, the more severe manifestation was the renal damage, and all of the five male patients developed ESRD. Thus, our report, for the first time, revealed that the R112C mutation leading to FD in a Chinese pedigree was also correlated with renal damage symptoms. (microalbuminuria and subsequent proteinuria, lipiduria with Malta cross crystals in the urine sediment, and impairment in the urine concentration and diluting capacity). In the third clinical phase severe renal damage is present with late involvement of cardiovascular and cerebrovascular systems [2] . In this family, there were 3 heterozygous females carriers. Two of which were asymptomatic and one manifested recurrent strokes. Clinical signs and symptoms vary widely in heterozygous females. This phenotypic heterogeneity is thought to be partly due to lyonization [21] . Moreover, it is well known that clinical manifestations of FD are protean; probably the residual α-gal A activity modulates the phenotype in the patients, but this possibility has not been demonstrated. Such variability in symptom severity should be kept in mind when assessing and diagnosing potential patients.
Renal transplantation is considered an optimal option for FD patients with end-stage renal failure, despite their high risk for cardiovascular complications; in the past, kidney transplantation has been considered by some authors as a possible way for correcting the α-gal A deficiency through enzyme replacement by a normal organ producing α-gal A. The recurrence of FD in a renal allograft has been reported rarely. This was a missense mutation predicting an arginine to cysteine substitution (R112C). B: Basyls T and C were both found in patient III15, which indicated that the proband's sister was a heterozygote. C: Normal control.
Some researchers presented that the rate of renal development might be different due to gender or generation difference even within the same family with FD [18] . The present study demonstrated that, in the family with FD, all five male patients who developed ESRD were from three different generations. Therefore, it seems that environmental or genetic (modifier genes) factors might also be involved [18] . By reviewing the disease history of the proband, we found some early signs and symptoms before the kidneys were badly damaged, including hypohidrosis, painful acroparesthesia, intolerance of heat and physical effort. These early typical onset of FD was due to the neural damage of small nerve fibers of the peripheral somatic nerve system [19] . Pain may wane in adulthood, so it is important to search for a medical history of acroparesthesia in childhood during the first examination of a newly diagnosed adult FD patient [20] . In fact, FD patients usually show three clinical phases: the first phase occurs in childhood and adolescence, characterized by acroparesthesia, myalgia, arthralgia, fever, cutaneous angiokeratomas, and corneal opacities. The second clinical phase is characterized by renal involvement Enzyme replacement therapy (ERT) with recombinant human α-gal A was introduced since 2001. There are currently two commercially available enzyme preparations for FD: agalsidase alfa (Rep lagal®; S hire, Cambridge, MA, USA), produced using cultured human skin fibroblasts and registered for use at a dose of 0.2mg/kg biweekly; agalsidase beta (Fabrazyme®; Genzyme Corp, Cambridge, MA, USA) produced by the expression of human α-gal A cDNA in Chinese Hamster Ovary (CHO) cells and registered for a use at 1.0mg/kg biweekly [22] . Up to date, long term safety and efficacy of replacement therapy have been investigated in a lot of countries and ERT has been validated as a disease-specific therapeutic agent for patients with FD. The data of ERT in China is still limited due to the high costs of the treatment, and the patients in this family gave up ERT for the same reason.
Conclusion
The present results strongly demonstrated that the missense mutation, p.R112C, in α-gal A gene induced the activity deletion and FD development correlated with renal damage. In view of the genetic implications, clinicians should be alerted to this possibility, especially with a positive family history of relevant clinical features, and determine individual treatment strategies for each patient using ERT to prevent the development of the disease.
